Fucoidan is known for its various biological activities, including immunomodulatory effects on immune cells. However, the effect of fucoidan on the functions of macrophages remains to be elucidated. The present study examined the effects of fucoidan on cytokine production and migration of THP-1-derived macrophages and its potential mechanisms. Fucoidan was added during the differentiation process of THP-1-derived macrophages along with lipopolysaccharide and interferon-γ for 42 h, and then macrophages were harvested for functional assays. Fucoidan altered the morphology of THP-1-derived macrophages, and also attenuated their migration activity and pro-inflammatory cytokine production. Additionally, THP-1-derived macrophages intensively produced colony-stimulating factor-1 (CSF-1), which was significantly decreased by fucoidan. CSF-1 neutralizing antibody attenuated the basic production level of pro-inflammatory cytokines in macrophages. Furthermore, when recombinant human CSF-1 was added along with fucoidan, the attenuating effects of fucoidan on migration and cytokine production were significantly reversed. In conclusion, the present study suggests that macrophages appear to be a potential target in the immunomodulatory action of fucoidan, and CSF-1 may be involved in this modulation.
Introduction
Fucoidan is a series of sulfated polysaccharides derived from marine brown algae, predominantly composed of sulfate and L-fucose (1, 2) . Numerous biological activities of fucoidan have been previously described, including anti-oxidant and antitumor properties, and roles in the regulation of metabolism and inflammatory modulation (3) . Such properties make fucoidan a potential pharmaceutical and nutraceutical candidate for health control and disease prevention. The immunomodulatory effect is a primary property of fucoidan. Immune cells, including macrophages, natural killer cells, dendritic cells (DCs) and lymphocytes (4) (5) (6) , appear to be potential targets of fucoidan. For example, our previous study suggested that fucoidan promoted the maturation of human monocyte-derived DCs, altered the expression of cytokines and co-stimulatory molecules, and drove their differentiation toward the Th1-polarization phenotype (4) . The modulation of immune cells by fucoidan provides various properties for its clinical use.
Macrophages serve important roles in eliciting and modulating the immune response (7) . As the biggest population of innate immunocytes in tissue, macrophages recognize dangerous signals, and present them to T cells or B cells to initiate adaptive immunity. Additionally, macrophages regulate the function of adaptive immunity through cell-to-cell interaction or fluid-phase modulation, via cytokines, chemokines, reactive radicals and nitric oxide (8) . Therefore, the biological activities of macrophages, including migration, phagocytosis and secretion of cytokines, are critical to the outcome of an immune response. Notably, macrophage subsets differ distinctly in these biological properties and their functions range from inflammatory to anti-inflammatory (9) . In addition to diversity, plasticity is another characteristic of macrophages. This means that they can be phenotypically and functionally polarized to distinct subsets responding to microenvironmental signals or exogenous supplements (10, 11) .
Fucoidan is recognized as a ligand of macrophage scavenger receptors (12) , therefore macrophages may be a primary target in the immunomodulatory effects of fucoidan. However, although previous studies have reported the effects of fucoidan on various properties of macrophages, including tumoricidal activity, phagocytosis and cytokine production (13) (14) (15) , controversy remains in these observations. For example, although previous results suggested that fucoidan promoted pro-inflammatory cytokine production in monocytes/macrophages (12, 16, 17) , a previous study demonstrated attenuating effects of a low-molecular-weight fucoidan on pro-inflammatory cytokine production, including interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α), in a dose-dependent manner from 1-100 µg/ml (18) . Additionally, fucoidan exhibited bifunctional effects on another inflammatory mediator, inducible nitric oxide synthase (iNOS) (19) . Specifically, a low concentration of fucoidan (10 µg/ml) increased basal iNOS levels in macrophages, while higher fucoidan concentrations (100 or 300 µg/ml) suppressed induction of iNOS expression by lipopolysaccharide (LPS). How fucoidan modulates macrophage functions and how the inconsistency occurs is not clear. Therefore, further investigation of the effects of fucoidan on macrophages would improve the understanding of its immunomodulatory property.
Colony-stimulating factor-1 (CSF-1) is a primary regulator of the proliferation, survival and function of macrophages (20) . Exogenous CSF-1 induced monocytes/macrophages to express various cytokines, including TNF-α and IL-1β (21, 22) . In addition, CSF-1-treated monocytes/macrophages exhibited migratory changes due to altered chemokine receptor expression (23) (24) (25) . However, to the best of our knowledge, no previous studies have investigated the role of CSF-1 in the modulation of macrophages by fucoidan. The present study investigated the effect of fucoidan on pro-inflammatory cytokine production and on the migratory properties of THP-1-derived macrophages, and aimed to verify the role of CSF-1 in the modulatory function of fucoidan.
Materials and methods
Reagents and antibodies. Recombinant human CSF-1 (rhCSF-1) and interferon-γ (IFN-γ) were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). LPS and phorbol 12-myristate 13-acetate (PMA) were obtained from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Monoclonal anti-human M-CSF neutralizing antibodies (NAb; cat. no. AF216; 100 ng/ml) were obtained from R&D Systems, Inc.
Preparation of fucoidan. Fucoidan purified from F. vesiculosus was purchased from Sigma-Aldrich (Merck Millipore) and dissolved in PBS. The potential contamination of endotoxin in fucoidan was detected by QCL-1000 ® Chromogenic LAL end-point assay (Lonza Walkersville, Inc., Walkersville, MD, USA) according to the manufacturer's manual. The detection limit of the kit was 0.1 EU/ml. The endotoxin level of 100 µg/ml fucoidan preparation was <0.1 EU/ml.
Cell culture and generation of THP-1-derived macrophages.
THP-1 human acute monocytic leukemia cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in RPMI 1640 medium, (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with heat-incubated 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin, and 100 µg/ml streptomycin at 37˚C in an incubator with 95% air and 5% CO 2 .
Generation of THP-1-derived macrophages was performed as previously described (26) . Briefly, 1x10 6 THP-1 cells were treated with 100 ng/ml PMA for 48 h. To generate M1-polarized THP-1 macrophages, THP-1 cells were cultured with 100 ng/ml PMA for 6 h and then 100 ng/ml LPS and 20 ng/ml IFN-γ were added for 42 h. In certain cases, fucoidan (100 µg/ml), rhCSF-1 (100 ng/ml) or CSF-1 NAb (2 µg/ml) was added along with LPS and IFN-γ for 42 h.
Cell Counting kit-8 (CCK-8) assay for cell viability. Cell viability was measured by CCK-8 (Wuhan Boster Biological Technology, Ltd., Wuhan, China). Briefly, THP-1 cells (1x10 4 /well) were seeded into 96-well plates along with PMA (100 ng/ml) for 6 h and then various concentrations of fucoidan (50, 100 and 200 µg/ml) were supplemented into the wells. Cell proliferation was measured after different periods of time, ranging from 6 to 72 h, using the CCK-8 assay according to the manufacturer's instructions.
Cell migration assay. THP-1-derived macrophages were cultured in a 6-well plate, then collected and resuspended in serum-free RPMI 1640 medium at a density of 1x10 6 /ml. Then, 100 µl serum-free medium (1x10 5 cells) was added into the upper compartment of Transwell inserts (24-well plate, 8 µm pores; BD Biosciences, Franklin Lakes, NJ, USA). RPMI 1640 medium (600 µl) containing 10% FBS was added into the lower chamber of the Transwell plate. After incubating at 37˚C in 5% CO 2 for 12 h, the migrated cells on the lower surface of the filter were fixed by 10% formalin for 15 min at room temperature and stained with eosin. Five random fields of each well were imaged using a light microscope (magnification, x100), and cell numbers were counted.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA from THP-1-derived macrophages was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the cDNA was synthesized by reverse transcription. Total RNA (1.0 µg) was transcribed into cDNA with oligo dT16 primers and Moloney murine leukemia virus reverse transcriptase according to the manufacturer's instructions (Invitrogen; Thermo Fisher Scientific, Inc.). GAPDH was used as an internal control. The primers for TNF-α, IL-1β, IL-6, CSF-1 and GAPDH are listed in Table I . The reaction mixture, including 5 µl 2X SYBR ® Green qPCR Master mix (Thermo Fisher Scientific, Inc.), 1 µl forward primer, 1 µl reverse primer, 1 µl cDNA and 2 µl double distilled H 2 O, was incubated at 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 45 sec for 30 cycles (LightCycler 2.0; Roche Diagnostics GmbH, Mannheim, Germany). The mRNA level of each sample was measured by the 2 -∆∆Cq method (27) .
E n z y m e -l i n k e d i m m u n o s o rb e n t a s s a y (E L I S A).
THP-1-derived macrophages were generated and cultured in complete medium for another 24 h. Then, culture supernatants were collected. TNF-α (cat. no. DTA00C), IL-1β (cat. no. DLB50), IL-6 (cat. no. D6050) and CSF-1 (cat. no. DMC00) concentrations in culture supernatants were determined by ELISA kits (R&D Systems, Inc.), according to the manufacturer's instructions.
Statistical analysis. Data were primarily presented as the mean + standard deviation. The SPSS software package (version 13.0; SPSS, Inc., Chicago, IL, USA) was used for all statistical analysis. The distribution of the samples was determined via Kolmogorov-Smirnov test. The results of experiments were analyzed by unpaired t-test or one-way analysis of variance wherever appropriate. Tukey post-hoc comparison was performed when statistical significance was detected between datasets. P<0.05 was considered to indicate a statistically significant difference.
Results
Fucoidan modifies the morphology and migration activity of THP-1-derived macrophages. THP-1 human acute monocytic leukemia cell line is a widely-used model for monocyte/macrophage differentiation (28) . PMA, an agonist of protein kinase C, induces the THP-1 cells to acquire a macrophage-like characteristic, which can be distinguished by morphology (29) . As demonstrated in Fig. 1A , the PMA-treated THP-1 cells became attached and adopted an amoeboid morphology, exhibiting similar morphology to primary human macrophages. Therefore, this study referred to them as THP-1-derived macrophages. When LPS (100 ng/ml) and IFN-γ (20 ng/ml) were added for 42 h alongside PMA stimulation, the morphology of THP-1-derived macrophages was markedly changed from a round/spindle shape to a dendritic-like shape with large filopodia, resembling the classically activated M1 macrophages ( Fig. 1A) .
When fucoidan alone or combined with LPS and IFN-γ was added during the differentiation of THP-1-derived macrophages, the morphology was modified. Specifically, fucoidan increased the percentage of rounded-shaped cells in the group stimulated by PMA only. The morphology of the LPS and IFN-γ stimulated group adopt striking changes compared with the PMA only treated group, with loss of filopodia and acquisition of amoeboid-like morphology (Fig. 1A) .
The morphology of macrophages is associated with their migratory activity (30) . As fucoidan modulated the morphology of THP-1-derived macrophages, the effect of fucoidan on their migratory properties was analyzed using a Transwell assay. The result indicated that LPS and IFN-γ increased the number of migrated THP-1-derived macrophages compared with untreated cells (P=0.0039). Notably, compared with groups that did not receive fucoidan, when treated by fucoidan, there were significant decreases in the number of migrated macrophages in the LPS/IFN-γ-stimulated (P=0.0161) and unstimulated (P=0.0342) groups (Fig. 1B) .
It was also examined whether the effects of fucoidan on macrophage migration was dependent on its concentration. For this purpose, THP-1-derived macrophages were treated with different concentrations of fucoidan from 10-200 µg/ml during the differentiation process, and their migratory properties were measured. Fig. 1C demonstrates that the attenuation of fucoidan on migration was dose-dependent, as its effects became significant compared with 0 µg/ml fucoidan at a concentration of 100 µg/ml in the unstimulated control (P= 0.0135) and LPS/IFN-γ treated groups (P=0.0171), and no significant differences in migrated cell numbers were detected between 100 and 200 µg/ml.
To determine whether fucoidan exhibited cytotoxic effects, THP-1 cells were treated with various concentrations of fucoidan (50, 100 and 200 µg/ml) for different periods of time in the presence of PMA (100 ng/ml), and then cell viability was determined by using the CCK-8 assay. Fucoidan did not exhibit significant cytotoxic effects on THP-1-derived macrophages up to 72 h of incubation, at a concentration of 200 µg/ml (data not shown). The cell proliferation curve of fucoidan at a concentration of 100 µg/ml is shown in Fig. 2 .
Fucoidan affects cytokine production of THP-1-derived macrophages. It was also investigated whether fucoidan modified the cytokine production in THP-1-derived macrophages. Consistent with previous studies (28) , LPS and IFN-γ treatment increased pro-inflammatory cytokine production, including TNF-α, IL-1β and IL-6, compared with unstimulated cells (Fig. 3A) . Notably, when fucoidan was added, cytokine transcription and secretion were decreased compared with untreated cells. Additionally, fucoidan also reversed the augmented effect of LPS and IFN-γ on the cytokine production of THP-1-derived macrophages (Fig. 3A) .
CSF-1 is an important regulator associated with the biological behavior of macrophages, promoting their proliferation, migration and cytokine production (20) . Therefore the current study also investigated whether fucoidan affected the production of CSF-1 in THP-1-derived macrophages. The results indicated that THP-1-derived macrophages produce CSF-1 (~2 ng/1x10 6 cells over 24 h). LPS and IFN-γ treatment marginally, but not significantly, decreased CSF-1 transcription, and this attenuation was not observed at the secretory level ( Fig. 3B) . Notably, fucoidan significantly attenuated CSF-1 transcription and CSF-1 secretion in LPS/IFN-γ-treated and untreated groups (P<0.01; Fig. 3B ).
The effect of exposure length and the concentration of fucoidan on cytokine production were also examined. Inhibitory effects of fucoidan on CSF-1 transcription occurred 6 h after 100 µg/ml of fucoidan was added into the culture medium (12 h, P=0.0057; Fig. 4A ). Additionally, fucoidan decreased CSF-1 secretion in a dose-dependent manner, with the CSF-1 levels significantly decreased by 50 µg/ml fucoidan compared with 0 µg/ml (P= 0.0061), and a more significant decrease was observed at a concentration of 100 µg/ml (P=0.0032; Fig. 4B ). Dose-dependent effects of fucoidan on the secretion of TNF-α and IL-1β were also observed (data not shown). CSF-1 is involved in the production of pro-inflammatory cytokines modified by fucoidan. Previous investigation revealed that CSF-1 promoted pro-inflammatory cytokine production in monocytes/macrophages (21) . Because fucoidan significantly decreased CSF-1 secretion in THP-1-derived macrophages, it was also determined whether the reduced CSF-1 level was responsible for the attenuation of pro-inflammatory cytokine expression. Initially, CSF-1 NAb (2 µg/ml) was added with LPS and IFN-γ during the differentiation of THP-1-derived macrophages. PCR and ELISA results demonstrated that blocking endogenous CSF-1 expression significantly decreased pro-inflammatory cytokine production in macrophages compared with the control groups (P<0.05; Fig. 5A ). Additionally, rhCSF-1 (100 ng/ml) was added with/without fucoidan to THP-1-derived macrophages in the presence of LPS and IFN-γ. RT-qPCR results revealed that rhCSF-1 significantly increased the transcription of TNF-α, IL-1β and IL-6 with or without fucoidan treatment compared with no rhCSF-1 treatment (P<0.01; Fig. 5B ). The effects of rhCSF-1 on cytokine secretion was somewhat different from the transcription level, as rhCSF-1 did not significantly alter the cytokine secretion of THP-1-derived macrophages without fucoidan treatment, however, did reverse the attenuating effect of fucoidan on the secretion of these cytokines (P<0.05; Fig. 5C ).
CSF-1 is associated with the migratory activity of THP-1-derived macrophages modified by fucoidan. The current study also explored whether the altered expression of CSF-1 was responsible for the migration of THP-1-derived macrophages. Exogenous CSF-1 treatment did not cause morphological change in macrophages, in either fucoidan treated or untreated groups (Fig. 6A ). However, when stimulated with rhCSF-1, the migratory activity of THP-1-derived macrophages was significantly increased compared with the control (P<0.01; Fig. 6B ). More importantly, the suppression of migration by fucoidan was also reversed by rhCSF-1 (P<0.01; Fig. 6B ).
Discussion
The present study analyzed the effects of fucoidan on the migration and cytokine production of THP-1-derived macrophages, and aimed to examine the mechanisms involved in this modulation. The current study demonstrated that fucoidan-treated THP-1-derived macrophages exhibited morphological changes, reduced migration and pro-inflammatory cytokine production.
In addition, fucoidan also decreased CSF-1 production and exogenous CSF-1 reversed the attenuating effect of fucoidan. Therefore, the results indicate that fucoidan reduced the pro-inflammatory capacity of THP-1-derived macrophages. This effect may be modulated by CSF-1 expression. THP-1-derived macrophages exhibit specialized morphological and functional characteristics in response to exogenous stimulations. Initially, morphological changes in macrophages were observed when fucoidan was added; filopodia formation was decreased and macrophages adopted a more amoeboid-like morphology. Additionally, fucoidan reduced the migratory properties of THP-1-derived macrophages, with/without LPS and IFN-γ stimulation, however, the mechanisms of modulation remained unresolved. Cell migratory activity is dependent on various factors, for example, chemokine secretion, integrin expression, expression of matrix metalloproteinases (MMPs) and cytoskeleton organization (31) . Our previous study demonstrated that fucoidan increased TNF-α-induced proMMP-9 in human monocyte U937 cells, suggesting that fucoidan regulates MMPs expression (32) . In addition, cytoskeleton arrangement regulates the type of cell movement, and also the migratory properties (33) . Because fucoidan significantly altered the morphology of THP-1-derived macrophages, there was a possibility that fucoidan regulated macrophage migration by reorganizing the cytoskeleton. Another previous study reported that fucoidan-treated MDA-MB-231 breast cancer cells also adopt morphological changes similar to LPS/IFN-γ-treated macrophages, loss of cell spreading occurred with cytoskeleton reorganization and depletion of vinculin (34) . Whether similar mechanisms occur in THP-1-derived macrophages requires further investigation.
In addition to the migratory properties, fucoidan also greatly attenuated pro-inflammatory cytokine production, including TNF-α, IL-1β and IL-6. This attenuation by fucoidan was significant, and the stimulating effects of LPS and IFN-γ were almost fully reversed. The effects of fucoidan on cytokine production by macrophages remains controversial, as certain studies have reported that fucoidan induces pro-inflammatory cytokine production, including TNF-α and IL-1, in macrophages (12) , while others demonstrated an attenuating effect (18) . How this paradox exists remains unclear but is acceptable, as the biological activities of fucoidan are different depending on seaweed species or the structural and compositional characteristics (35) . The findings of the current study enriched the evidence for the immunomodulatory effects of fucoidan, particularly in macrophages. Furthermore, as the bioactive functions of fucoidan vary, which is demonstrated by the present and previous studies, a full understanding of the functions and structural molecular features of fucoidan is required prior to its clinical application.
CSF-1 is known as a primary regulator of cytotoxicity, chemotaxis and cytokine production in monocytes/macrophages, therefore, it is closely associated with their inflammatory properties (21, 22) . Macrophages are important producers and targets of CSF-1. The present study demonstrated that THP-1-derived macrophages produced high levels of CSF-1, and LPS and IFN-γ marginally, but not significantly, decreased CSF-1 production. Importantly, fucoidan greatly attenuated CSF-1 transcription and secretion in LPS and IFN-γ treated/untreated groups. To the best of our knowledge, this is the first time that fucoidan has been reported to regulate CSF-1 production in macrophages. In order to determine whether decreased CSF-1 was involved in the migration and cytokine production of macrophages, two experiments were we performed. CSF-1 NAb was added during the differentiation process to block basic CSF-1 production of macrophages. Pro-inflammatory cytokine production, which was stimulated by LPS and IFN-γ, was significantly decreased following blocking of CSF-1. Recombinant human CSF-1 (100 ng/ml) was then added to THP-1-derived macrophages with/without fucoidan treatment. rhCSF-1 treatment almost completely reversed the attenuation of pro-inflammatory cytokine production by fucoidan, particularly TNF-α and IL-6. Furthermore, THP-1-derived macrophages regained their migratory activity following rhCSF-1 treatment. described above experiments have limitations, as it is difficult to determine whether rhCSF-1 has similar structural traits, decomposition time and biological activities to endogenous CSF-1 secreted by macrophages. Nevertheless, the present study demonstrated that fucoidan attenuated CSF-1 production in THP-1-derived macrophages, and CSF-1 concentration was positively associated with pro-inflammatory cytokine production and migration. Therefore, fucoidan-modulated CSF-1 production may be a potential mechanism that mediates biological changes observed in this study.
In conclusion, the current study demonstrated that fucoidan attenuated the migration and pro-inflammatory cytokine production of THP-1-derived macrophages. Fucoidan-modulated CSF-1 production may be responsible for this attenuation. These results provide novel insights into the biological properties of fucoidan as an immunomodulatory agent, particularly its regulatory effects on macrophages.
